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ABSTRACT 
 
Parents play an important role in creating phenotypic variation in their offspring 
through genetic and environmental mechanisms. For example, mothers can influence 
their offspring via hormonally-mediated maternal effects. In this study, offspring of 
mothers that had been exposed to a predator during oogenesis (experimental) were 
compared to offspring of mothers that had not been exposed to a predator (control). I 
measured the consequences of maternal exposure to predation risk on the number and 
size of eggs, egg cortisol content, metabolic rates of eggs, and the growth and behavior of 
juvenile threespined sticklebacks (Gasterosteus aculeatus). Exposure to a predator during 
oogenesis caused females to produce larger eggs and heavier clutches, but there was no 
effect on the number of eggs per clutch. The concentration of cortisol was higher in 
experimental eggs than control eggs. Experimental eggs also breathed faster soon after 
fertilization, but the difference between control and experimental eggs in oxygen 
consumption attenuated over time. Standard length of juveniles increased over the course 
of the experiment, but there was no effect of treatment on growth during the period when 
the fry were measured. Shoaling behavior, an antipredator response, was measured from 
photographs, and was estimated as the nearest neighbor distance between individuals in 
each tank. Experimental females shoaled more tightly together prior to a mild 
disturbance. Both control and experimental juveniles shoaled more tightly together 
immediately following and two minutes after a mild disturbance. Altogether, these results 
suggest that the effect of mothers on their offspring might depend on a mothers' 
experience with stressors in the environment, and that mothers might manipulate the 
development, growth, and behavior of their offspring to match their future environment. 
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CHAPTER 1 
INTRODUCTION 
 
Parents play an important role in creating phenotypic variation in their offspring 
through both genetic and environmental mechanisms (Mousseau and Fox 1998). 
Contributions from the mother other than her genotype, such as her phenotype or 
environment, are known as nongenetic maternal effects (Bernardo 1996, Mousseau and 
Fox 1998). Maternal effects depend on maternal condition (Mousseau and Fox 1998, 
Blount 2002) and are modified by the environment she experiences before and during 
reproduction (Chamber and Leggett 1996). These effects can result from the transfer of 
materials, such as yolk and maternal hormones (McCormick 1998, McCormick 1999), 
maternal nutrition (Mather and Jinks 1971), or via behavior (Mather and Jinks 1971, 
Bernardo 1996, Heath and Blouw 1998). Maternal effects have important evolutionary 
and ecological consequences (Reznick 1991, Green and McCormick 2005) because they 
often influence early life history traits of offspring, which can have large effects on 
survival and reproductive success later in life (Madsen and Shine 2000, Hofer and East 
2003).  
Among vertebrates, hormonally-mediated maternal effects have been well studied 
in mammals and birds (Naumenko 1991, Braastad 1998, Sims and Holberton 2000, 
Groothuis and Schwabl 2007). For example, female birds deposit steroids in the yolk of 
their eggs, and those steroids influence the behavior, physiology, growth and life history 
of their offspring (Gil 2008). It is also clear that in mammals, including humans, stressors 
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during pregnancy can influence the development of offspring in utero via the transfer of 
steroids from mother to fetus (Talge et al. 2007). 
 Less is known about hormonally-mediated maternal effects, such as those mediated 
by cortisol, in fishes. Important studies have shown that cortisol is present in freshly 
ovulated eggs (Barry et al. 1995; Hwang et al. 1992), and that the cortisol is likely to be 
maternally-derived (De Jesus et al 1991, Stratholt et al 1997). Unlike mammalian 
embryos that produce their own endocrine response prior to birth (Sapolsky and Meaney 
1986, Matthews and Challis 1996), in fishes, the hypothalamus-pituitary-interrenal (HPI) 
axis is not fully responsive until after hatching (Barry et al 1995, Feist and Schreck 
2001). Therefore, there is a strong positive relationship between maternal stress levels 
and egg corticosteroid levels (De Jesus et al 1991, Hwang et al 1992, McCormick 1998, 
Schreck et al 2001).  
 In fishes, as in other vertebrates, it is likely that maternally derived cortisol has 
important consequences for offspring because fish embryos are sensitive to the 
organizational effects of cortisol early in development (Auperin and Geslin 2008).  
But we know little about natural variation in maternal effects in fishes, and whether 
exposure to ecologically-relevant conditions during oogenesis affects the behavior, 
physiology and growth of offspring. Many studies use experimentally-controlled 
injections or implants to elevate cortisol levels, rather than using an ecologically relevant 
stressor on mothers and studying naturally occurring effects. Moreover, research on 
maternal effects also usually focuses on eggs and adulthood (Fox 1997, Heath et al 1999), 
but little is known about the intermediate stages of progeny development or how progeny 
compensates for maternal effects from early in their life history. 
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Another outstanding question about hormonally-mediated maternal effects is 
whether they might be adaptive. On the one hand, developing embryos are highly 
sensitive to endocrine perturbations; therefore, we might expect embryos to possess 
mechanisms that buffer the embryo against hormonal fluctuations in utero. On the other 
hand, the conditions experienced by a mother during oogenesis or pregnancy might be 
predictive of the future environment of her offspring. Therefore it might be adaptive for 
mothers to hormonally program (Weaver et al. 2004) their offspring to be suited for 
particular environments (Mousseau and Dingle 1991, Galloway 1995, Agrawal 2002, 
Einum and Fleming 2002).  
Recent studies have shown the transfer of maternal effects across generations due 
to exposure to predators. When fall field cricket Gryllus pennsylvanicus mothers were 
exposed to wolf spiders Hogna helluo, their offspring spent significantly more time 
immobile, exhibiting anti-predator behavior, than offspring from mothers not exposed 
when encountering spider chemical cues (Sheriff et al 2010). In a similar study, 
snowshoe hare mothers had fluctuating levels of stress hormones in response to predation 
risk and these levels were mirrored in their offspring, along with a highly responsive 
HPA axis, allowing their offspring to have increased anti-predator behavior (Storm and 
Lima 2010). These generational effects due to predation risk appear to transmit 
advantages to offspring and may potentially affect other traits as well.  
In this experiment, I exposed mothers to an ecologically relevant predator stressor 
to investigate the consequences of maternal exposure to predation risk for offspring in 
threespined sticklebacks (Gasterosteus aculeatus). I tested the hypothesis that maternally-
derived cortisol mediates the effect of maternal stress on offspring phenotypes. Previous 
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studies have shown that early exposure to cortisol influences egg size and survival of 
embryos (Campbell et al 1994, McCormick 1998, Eriksen et al 2006), growth and 
development (Eriksen et al 2006, 2007) and behavior (Espmark et al 2008). To my 
knowledge, effects of early exposure to cortisol on metabolic rates in eggs have never 
been explored, despite cortisol affecting metabolic rates in adults (Chan and Woo 1978, 
Barton and Schreck 1987, Wendelaar Bonga 1997). Therefore, I measured all of these 
traits in order to gain insight into the mechanisms by which mothers influence their 
offspring. In their natural habitat, sticklebacks are subject to predation by piscivorous 
fishes, birds, odonates and snakes, and have numerous behavioral (Huntingford et al. 
1994) and morphological (Reimchen 1994) defenses against predators. Other studies 
have shown that sticklebacks show significant changes in levels of cortisol in response to 
acute and chronic stressors (Pottinger et al 2002), including predators (Bell et al 2007), 
making the stickleback an ideal organism for this study. 
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CHAPTER 2 
METHODOLOGY 
 
Overview 
 In order to determine whether exposure to a predator stress during oogenesis 
affects the development of her offspring, I exposed gravid female sticklebacks to a model 
predator (experimental) and left others alone (control). I compared the egg size and 
number, cortisol content of eggs, and the oxygen consumption of eggs from control and 
experimental mothers prior to hatching. Then, I monitored the growth and shoaling 
behavior of the juveniles until approximately 23 weeks after hatching.  
 
Detailed methods 
Sticklebacks used in this experiment were F1 generation offspring from a natural 
population in Putah Creek, CA. Stickleback were lab reared and maintained in the Bell 
Lab at the University of Illinois at Urbana-Champaign under Division of Animal 
Research standards and protocols (Protocol # 09204, 8/5/09). Fish were raised in 26.50 L 
recirculating tanks (36L x 33Wx 24H cm) on a natural photoperiod at 20°C and fed 
approximately 10% of their body weight once a day with a mixture of frozen 
bloodworms, mysis shrimp, cyclopleze, and spirulina cubes, except as noted.  
In August 2009, female sticklebacks were randomly assigned to one of nine 
different 26.5 L tanks (36L x 33W x 24H cm), with five fish per tank. I assigned each 
fish within a tank a unique mark via spine clipping in order to determine the length of 
time each female had spent in the experimental or control treatment before being stripped 
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for eggs. Three tanks were used for the control treatment and six for the experimental 
treatment. I assigned more fish to the experimental group based on a pilot study which 
detected greater variation in maternally-derived egg cortisol among mothers exposed to a 
predator (mean=194.20, SE=51.50, n=7) compared to the eggs of mothers not exposed to 
a predator (mean=89.72, SE=7.76, n=7).  
Opaque plastic coverings on the outside of each tank minimized exposure of fish 
to external visual stressors. One small window with a removable covering allowed me to 
monitor the gravidity of females with minimal disturbance to fish. Females were 
provided with additional food (bloodworm cube) every day in order to encourage them to 
become gravid. 
I chased fish in the experimental treatment once daily at a randomly chosen time 
with a clay Northern Pike model (23L x 1W x 6H cm, painted to match natural markings) 
a natural predator, for approximately 30 seconds to stress the fish. This protocol of 
random, repeated acute stress was chosen in an effort to imitate natural conditions where 
sticklebacks in high predation populations are regularly confronted by the threat of 
predation (Giles and Huntingford 1984, Bell et al 2010). Fish in the control treatment 
remained undisturbed. When a female became gravid, judged by a swollen abdomen and 
characteristic sharp angle near the cloaca, she was measured for standard length and 
weight while still bearing eggs. She was then stripped for eggs. Fully gravid females 
readily released their eggs with little applied pressure. Eggs that were dark yellow or non-
aggregated were not developmentally ready and were discarded (Vines and Schluter 
2006). Stripping continued until all eggs had been released and clutch mass for each 
female was determined by weighing the entire clutch of eggs for each female. Egg size 
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(mass) was calculated for each clutch by weighing a subset of eggs and dividing the 
subset mass by the number of eggs weighed. Total number of eggs was estimated by 
dividing entire clutch mass by egg size. 
On average, females in the experimental and control groups spent the same 
amount of time in the treatment prior to being stripped for eggs (experimental: mean= 24 
days (range= 2-57), control: mean= 28 days (range= 7-46)). Each female contributed one 
clutch of eggs to the experiment. I artificially fertilized a subset (n=30-40) of stripped 
eggs from females with a male’s sperm. The remaining eggs were stored in 1.5 ml 
microcentrifuge tubes at -80°C for later cortisol determination. I removed testes from a 
male, and placed each testis in a separate weighing boat with approximately five ml of 
tank water. The two different testis of each male fertilized a batch of 20-30 eggs from a 
mother in an experimental and control treatment. I macerated the testis with fine forceps 
and a batch of 30-40 eggs was placed in the weighing boat. I gently mixed the eggs and 
sperm and waited one hour for the sperm to fertilize the eggs. Then, subsets (n=19 to 23) 
of fertilized eggs were immediately measured for respiration rate (see below), while 
remaining eggs (n=7 to 21) were artificially incubated and reared in the lab (see below). 
After I stripped females of their eggs, I returned them to an 83.28L holding tank 
(107L x 33W x 24Hcm) where they remained undisturbed for the rest of the experiment. I 
added new replacement marked females in their place in order to maintain a constant 
density of five fish/tank. I continued sampling for 10 weeks until clutches from 30 
different experimental mothers and 15 different control mothers were collected.   
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Measuring cortisol in eggs 
In order to test the hypothesis that maternal stress influences the amount of 
cortisol released into eggs, eggs from both the experimental and control treatment were 
measured for cortisol content. I used a cortisol enzyme-linked immunosorbent assay 
(ELISA) kit from Assay Designs (Ann Arbor, MI, Cortisol EIA kit #900-071) to 
determine cortisol concentrations in clutches of eggs. The intra-assay coefficient of 
variation was 0.93. I weighed 15-25 stickleback eggs from each clutch (n=30 
experimental and n=15 control) and homogenized each clutch in 200 µl of assay buffer 
provided in the kit. All following steps were done according to the kit protocol (Assay 
Design, Catalog #25-0359).  
 
Measuring the oxygen consumption of eggs 
In order to test the hypothesis that maternal stress influences respiration rates in 
eggs, a subset of fertilized eggs from both treatments described above were measured for 
respiration rate. The oxygen consumption rate (MO2 in mg/O2/g/hr) of six batches of 19- 
23 eggs from each treatment at different stages of development were measured using 
intermittent flow respirometry (Loligo Systems, Hobro, Denmark) (Steffensen 1989). 
Methods were adapted from Gingerich et al 2009.  
The respirometry system was a four (725µl) glass chambered fiber optic system 
with a peristaltic pump. I set up the system in a 120L cooler of oxygenated water with air 
stones at 20°C (±0.5°C). Temperature was kept constant and temperature probe was 
calibrated throughout the experiment. One of four chambers was used as a blank to 
correct for background noise and three were used for measuring oxygen consumption of 
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eggs. A peristaltic pump re-circulated water through the chambers across the oxygen 
probes to ensure proper mixing, and the fiber optic oxygen probes were calibrated with 
both sodium sulfite oxygen free water and strongly aerated water throughout the 
experiment.  
Oxygen consumption of eggs in each chamber was determined with a 28 minute 
cycle, which consisted of a 13 minute measurement period, a 15 minute flush period to 
re-oxygenate water, and a two second waiting period following the flush until the 
measurements were resumed. Oxygen consumption in each chamber was recorded every 
second, but only coefficient of determination (r2) values >0.93 were kept. All data was 
recorded using AutoResp software (Version 1.4).  
 
Measuring the growth and behavior of juveniles 
One hour after fertilization, I placed each subset of eggs (n=7-21) in a cup with a 
mesh screen bottom in a two-liter bottle with tank water, 0.25 ml of methylene blue (to 
prevent fungus) and an air stone until hatching, approximately six days post fertilization.  
Newly-hatched fry were placed in four 83.28 L tanks (107L x 33W x 24H cm), two 
experimental and two control tanks, with their siblings and were fed newly hatched 
Artermia once daily. When fry were approximately 2.5cm standard length, varying in age 
from one to three months old, I combined family groups and transferred them to 26.50L 
tanks (36L x 33W x 24H, nine experimental and six control at a density of five fish per 
tank). Fish were matched for size within each tank in order to avoid dominance 
interactions over access to food. A grid consisting of cells (3.7 x 3.7 cm) was placed on 
the bottom of each tank for reference.  
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 Because handling could influence the development of the HPI axis (Auperin and 
Geslin 2008), I measured standard length and growth noninvasively, by photographing 
each tank from above. The first photograph of each tank was taken on 7 December 2009, 
when the fry were two – four months of age. I continued to take photographs of each tank 
on six different occasions over the course of 12 weeks, with one to two weeks between 
measurements. I took three pictures of each tank at each age. The first ("before") 
photograph was of the undisturbed tank. Then, I simulated a mild disturbance by gently 
moving fish that were in the corner or otherwise not visible in the main body of the tank 
with a 26mm piece of plastic tubing, and took another photograph immediately following 
this disturbance ("immediately following"). I took one more photograph two minutes 
following the mild disturbance ("after"). I used Image J (Version 1.38) to estimate 
standard length from the photographs on each occasion; the grid on the bottom of each 
tank was used as a reference. I calculated the average length of fish in each tank at each 
age in order to monitor average growth rate within a tank (n=9 experimental, n=6 control 
tanks). On average, the fry in the experimental tanks were older than the fry in the control 
tanks, so growth was analyzed as a function of age rather than a function of the day or 
measurement.  
The photographs taken to monitor growth rates also allowed me to measure 
average nearest neighbor distance within a tank. Nearest neighbor distance is a measure 
of schooling tendency (Azuma and Iwata 1994, Masuda et al 2003) and was measured 
before, immediately following and after the mild disturbance on all six occasions. Nearest 
neighbor distance was calculated for each fish in each tank, and was estimated from the 
center of the head of each fish in the tank to the center of the head of the nearest fish in 
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each picture. A reference line half-way between two fish was used to account for accurate 
distance/distortion of water.  
 
Data analysis  
Cortisol in eggs  
I compared differences in cortisol concentrations in eggs from experimental and 
control mothers using ANCOVA. Two control clutches were removed from the analysis 
due to an insufficient volume of sample obtained from the clutch, causing error in the 
plate results. Cortisol concentrations were not normally distributed; therefore I 
transformed them using an ln transformation. I tested for effect of treatment 
(experimental vs. control) as a fixed factor, tank (nested within treatment) as a random 
factor, female body size (length and weight) and time in treatment as covariates, and 
looked at all interactions on ln-transformed cortisol values. Female body size, time spent 
in treatment and tank were non-significant and therefore removed in subsequent analyses. 
Effect of treatment on egg size, egg number, and clutch mass were analyzed similarly. 
All statistical analyses were two-tailed and were performed using SPSS (Version 17).  
 
Oxygen consumption of eggs 
Change in oxygen concentration (α) for each chamber was calculated as the slope 
(∆O2saturation/∆t), and oxygen consumption rate (MO2, mg O2  kg-1 h-1) for each clutch of 
eggs was calculated by MO2 = αVrespβMb-1, where Vresp is the volume of each chamber 
minus number of eggs by volume of eggs in chamber (µl), β is oxygen solubility 
(adjusted for temperature and barometric pressure), and Mb-1 is the clutch mass (kg) 
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before placing in chamber (Gingerich et al 2009). I compared differences in the oxygen 
consumption rate in the eggs from experimental and control mothers using ANCOVA, 
where treatment was a fixed factor, clutch nested within treatment was a random factor, 
time since fertilization was a covariate, and the interaction between treatment and time 
since fertilization.  
 
Growth of juveniles 
In order to avoid pseudoreplication (Alvarez & Metcalfe 2005), I analyzed the 
average growth rate of each tank. I excluded cases where not all of the fish were visible 
in the photograph. The density of fish in the tanks varied between 2-6 individuals 
(mean=4.51, SE=0.986, n=75). I analyzed the average standard length of each tank at 
each age using ANCOVA, with treatment as a fixed factor, tank nested within treatment 
as a random factor, age and density as covariates, and the interaction between age and 
treatment. 
 
Behavior of juveniles 
Nearest neighbor distance was not normally distributed and I therefore square root 
transformed average nearest neighbor distance within a tank at each age. Because the 
average nearest neighbor distance differed before (mean=108.76, SE=11.471, n=58), 
immediately following (mean=84.33, SE=7.165, n=84), and after the mild disturbance 
(mean=74.439, SE=5.9336, n=85), I analyzed the before, immediately following and 
after data separately. I tested for the effect of treatment on nearest neighbor distance, with 
treatment as a fixed factor, tank nested within each treatment as a random effect, and 
 12
density (number of fish in the tank), averaged standard length of fish in each tank, and 
age as covariates.   
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CHAPTER 3 
RESULTS 
 
Egg size and clutch mass 
Exposure to predator stress during oogenesis caused females to produce heavier 
clutches (Table 1, Figure 3). The clutches of experimental females were larger because 
they produced bigger eggs (Table 2, Figure 1), not because they produced more eggs 
(Table 3, Figure 3). Tank and the time spent in treatment did not affect the clutch mass, 
egg size or number of eggs (Figure 2). Larger females produced heavier clutches (Table 
1).  
 
Egg cortisol content 
Mothers exposed to a predator stressor (experimental mothers, n=30) had 
significantly higher concentrations of cortisol in their eggs than mothers that received no 
physical stressor (n=13) (F1,9 = 5.68, P < 0.05, Figure 4). This effect was independent of 
mother’s standard length (F1,31 = 1.49, P = 0.23). There was also no effect of days spent 
in the treatment before being stripped of eggs (F1,31 = 1.00, P = 0.33) or the tank she 
resided in throughout the experiment (F7,31 = 1.59, P = 0.18) on egg cortisol content.  
 
Oxygen consumption of eggs 
Clutches of eggs from mothers exposed to a predator stressor (experimental n=6) 
consumed more oxygen that control clutches (n=6) soon after fertilization, but the 
difference between treatments attenuated over time. Regardless of treatment, the oxygen 
 14
consumption of eggs (MO2 in mgO2/g/hr) steadily increased with hours post fertilization 
(Table 4, Figure 5).  
 
Juvenile growth 
Standard length increased over the course of the experiment (Table 5, Figure 6). 
Tanks differed in standard length. I did not detect an effect of maternal stress on growth 
rate or standard length during the period when fry were measured. It is unknown if there 
were differences in growth rates or standard length before or after I measured the body 
size of the offspring. I did detect a marginally significant negative effect of density on 
standard length (Table 5). 
 
Nearest neighbor distance of juveniles 
I did not detect a significant difference in nearest neighbor distance between the 
control and experimental groups immediately following (control mean=8.14, SE=.587, 
n=33, experimental mean=8.76, SE= .493, n=51) or after (control mean=8.38, SE=.578, 
n=33, experimental mean=7.73, SE=.452, n=52) the mild disturbance. 
However, prior to the mild disturbance, the fish in the experimental group were 
closer together compared to fish in the control group (control mean=10.53, SE=.799, 
n=20, experimental mean=9.01, SE=.738, n=38, Table 6, Figure 7). There was not an 
effect of density, standard length, age or tank on nearest neighbor distance (Table 6). 
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CHAPTER 4 
DISCUSSION 
 When mothers were exposed to the threat of predation, they produced larger eggs 
with higher cortisol content, which consumed more oxygen. As juveniles, the offspring of 
maternally-stressed mothers exhibited tighter shoaling behavior, an antipredator defense. 
These results show that there can be important consequences of maternal experience for 
their offspring, and suggest that female sticklebacks might prepare their offspring for 
survival in a high predation environment, possibly via cortisol. 
 Consistent with other studies (Bernardo 1996, Taborsky 2006a, 2006b, Taborsky 
et al 2007, Donelson et al 2008), mothers influenced egg size: experimental mothers had 
significantly larger eggs than control mothers, regardless of maternal size. Other studies 
have found positive effects of egg size on feeding (Knutsen and Tilseth 1985), swimming 
abilities (Ojanguren et al 1996), survival rates in the absence of food (Blaxter 1988), and 
survival rates in the presence (Lillelund and Lasker 1971) or absence (Henrich 1988) of a 
predator (Leggett and Deblois 1994) in fry. Indeed, this result challenges the idea that 
stressors cause females to be unable to produce high-quality eggs, as has been suggested 
in other studies (Campbell et al 1992, Campbell et al 1994, Contreras-Sanchez et al 1998, 
McCormick 1998, McCormick 1999). Therefore, my results prompt that the increased 
egg size might give fry an advantage in a high predation environment (Marshall and Uller 
2007). 
 While treatment caused females to produce larger eggs, surprisingly, there was no 
effect of treatment on the total number of eggs. It is possible that there are other, 
unmeasured tradeoffs with egg size, such as a cost to future production or later fecundity 
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(Fletcher et al 1994, Mayhew 2001). Perhaps experimental females invested all of their 
resources into their current reproduction since they were living in a dangerous, predator 
filled environment, and may not have the chance to reproduce again in the future.  
 Eggs of mothers exposed to a predator stressor had higher concentrations of 
cortisol than eggs from mothers not exposed to a predator. A similar study on coho 
salmon found that daily chasing during oogenesis caused elevated concentrations of 
cortisol in both maternal plasma and eggs (Stratholt et al 1997). These results, along with 
other studies, have shown strong positive relationships between maternal and egg cortisol 
levels in unfertilized (Hwang et al 1992, Simontacchi et al 2009) and fertilized eggs (De 
Jesus et al 1991, De Jesus and Hirano 1992). The amount of time that a female was 
exposed to predator-induced stress had no effect on cortisol concentrations, suggesting 
that females did not acclimate to the repeated predator stressor.  
  Oxygen consumption of the eggs increased over time, regardless of treatment. 
This finding is supported by various studies showing metabolic rates of eggs increase 
over ontogeny (Berg et al 2001), most likely due to growth and increased embryonic 
activity (Pakkasmaa et al 2006). Soon after fertilization, eggs from experimental mothers 
consumed more oxygen. The larger size of experimental eggs likely did not affect the 
increased oxygen consumption as mass-specific metabolic rates decline with increasing 
body mass (Makarieva et al 2005). Therefore, I suggest that the mechanism behind this 
increase in oxygen consumption is due to the direct effect of increased cortisol, as 
cortisol increases metabolic rates in individuals (Chan and Woo 1978, Barton and 
Schreck 1987, Wendelaar Bonga 1997) to help evade predation risks. In addition, the 
attenuating difference between experimental and control clutches prior to hatching could 
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reflect buffering mechanisms in the egg that develop soon before hatching (Paitz and 
Bowden 2009), but should be further explored.  
 I did not detect an effect of treatment on the growth of fry between three to ~ six 
months of age. I am cautious about interpreting the significance of this result because it is 
likely that if there was an effect of treatment on offspring growth, it is likely that it would 
be most evident very early in life, when the fish were too small to be measured reliably 
and noninvasively. In addition, although I did not consistently record hatching time, 
anecdotally I observed that experimental clutches tended to hatch faster (~5 days) than 
control clutches (~6 days). Therefore I suspect that the experimental fry might have 
hatched earlier, or may have been larger soon after hatching. This is a promising area for 
future investigation. 
 Fry from experimental mothers had smaller nearest neighbor distances than fry 
from control mothers prior to a mild disturbance, regardless of size. This behavior is 
representative of shoaling behavior, an anti-predator strategy (Magurran 1990, Queiroz 
and Magurran 2005), where individuals hide behind others to reduce the chance of being 
caught by a predator (Hamilton 1971). Shoaling also “dilutes” the risk of predation by 
lessening the probability of running into or becoming the singled out prey (Turner and 
Pitcher 1986), allows for enhanced coordination among individuals (Pitcher and Parrish 
1993), and provides early response to potential threats (Bertram 1980).  
 These nearest neighbor results give further support for the hypothesis that mothers 
detected environmental cues of predation and manipulated the behavior of their offspring 
to be better adapted for their future environment. Guppies originating from high 
predation streams showed higher levels of grouping than those from low predation 
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streams (Seghers 1974), and prenatal stress has led to mutual clinging, closer proximity 
to others during stressful conditions, and the avoidance of open locations (Clarke and 
Schneider 1993, Koffman 2002).  
 Although there was a significant treatment effect on distance between individuals 
prior to the disturbance, there was no difference immediately following or after a mild 
disturbance. However, regardless of maternal treatment, distance between fish decreased 
after fish were lightly moved by tubing and after given a time to rest in response to this 
move. This suggests that all fry, not just fry from experimental mothers, reacted to the 
mild disturbance by moving closer together.    
 The transmission of predator response behavior from mothers to offspring is 
exemplary of maternal programming. Anti-predator behavior is epigenetically inherited 
by offspring in various organisms, including snowshoe hare (Sheriff et al 2010), field 
crickets (Storm and Lima 2010), and phantom midges (Agrawal et al 1999). However, 
these defensive responses to predation risk are not the only behavioral responses mothers 
are able to program. Maternal licking and grooming influenced the development of the 
HPA axis, producing a reduced stress response and differences in DNA methlyation, as 
well as increased licking and grooming behaviors in offspring for generations to follow 
(Meaney 2001, Weaver et al 2004). These studies show that maternal experience can be 
inherited by offspring and can result in adaptive responses across multiple generations. 
This is important as stressors early in life can be transmitted to future generations through 
changes in maternal behavior and maternal effect.  
 In summary, cortisol concentrations in eggs, egg size, metabolic rates, and 
behavior of prenatally stressed individuals were affected by the experience of the mother. 
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To my knowledge, no previous work has looked at the effects of prenatal stress on so 
many aspects of the development of progeny in fish, especially through ecologically 
relevant means. The findings from this study suggest that maternal effects may be in 
response to predation and prepare their offspring for their future environment, and has 
important implications for many species, including humans. Mothers exposed to famine, 
an environmental stressor, during pregnancy, produced smaller offspring which were 
more susceptible to disease and health problems, and this effect was passed down for 
generations (Painter et al 2005). This suggests an epigenetic transfer of maternal 
experience on her progeny, and future research needs to investigate how these maternal 
effects persist in progeny. If females detect environmental cues of a given predator, then 
mothers may manipulate the development, growth, and behavior of her offspring to 
match their future environment, and these mechanisms leave plenty to be discovered.  
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CHAPTER 6 
FIGURES 
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Figure 1: Size of unfertilized three-spined stickleback eggs (mg) from experimental and 
control mothers were measured. Egg size from clutches of mothers exposed to a predator 
stressor (experimental, n=30) was significantly larger than eggs from clutches of mothers 
not exposed to a predator stressor (control, n=15). Values show mean ± SE.  
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Figure 2: Size of unfertilized three-spined stickleback eggs (mg) were measured in 
relation to amount of time mothers spent in treatment. Size of eggs was not affected by 
number of days mothers spent in treatment. 
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Figure 3: Number of unfertilized three-spined stickleback eggs and total clutch mass (mg) 
from experimental and control mothers was measured. Estimated number of eggs did not 
significantly differ between clutches from mothers exposed (experimental, n=30) and not 
exposed (control, n=15) to a predator stressor. However, total clutch mass was larger in 
clutches from experimental mothers; note fewer filled circles on left hand side of graph.  
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Figure 4: Unfertilized three-spined stickleback mothers were exposed to a predation risk 
and cortisol concentrations (pg/ml/egg) in their eggs were measured. Cortisol 
concentrations in eggs from mothers exposed to a predator stressor (experimental, n=30) 
were significantly higher than eggs from mothers not exposed to a predator stressor 
(control, n=13). Values show means ± SE.  
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Figure 5: Oxygen consumption (mg/O2/g/hr) of fertilized threespined stickleback eggs 
from experimental and control mothers was measured. Oxygen consumption of eggs 
increased over time regardless of treatment. Eggs from mothers exposed to a stressor 
(experimental, n=6) consumed more oxygen than eggs from mothers not exposed to a 
predator stressor (control, n=6) soon after fertilization, but the difference attenuated close 
to hatching. 
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Figure 6: Standard length (mm) of threespined stickleback juveniles was measured, 
regardless of maternal treatment. Standard length increased over time for all individuals 
(n=75), regardless of whether mothers were exposed to a predator or not (experimental or 
control). Standard length also differed according to tank.  
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Figure 7 A: Shoaling behavior, an antipredator response, was measured from 
photographs, and was estimated as the nearest neighbor distance between individual 
threespined sticklebacks in each tank. Figure A: Nearest neighbor distance before 
experiencing a mild disturbance was significantly closer for fry from mothers exposed to 
a predator stressor (experimental, n=45) than from mothers not exposed to a predator 
stressor (control, n=30). Values show means ± SE. 
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Figure 7 (cont.) B: Shoaling behavior, an antipredator response, was measured from 
photographs, and was estimated as the nearest neighbor distance between individual 
threespined sticklebacks in each tank. Figure B: Nearest neighbor distance immediately 
following a mild disturbance was not significantly closer for fry from mothers exposed to 
a predator stressor (experimental, n=45) than from mothers not exposed to a predator 
stressor (control, n=30). Values show means ± SE. 
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Figure 7 (cont.) C: Shoaling behavior, an antipredator response, was measured from 
photographs, and was estimated as the nearest neighbor distance between individual 
threespined sticklebacks in each tank. Figure C: Nearest neighbor distance after a mild 
disturbance was not significantly closer for fry from mothers exposed to a predator 
stressor (experimental, n=45) than from mothers not exposed to a predator stressor 
(control, n=30). Values show means ± SE. 
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CHAPTER 7 
TABLES 
 
 
 df MS F P 
Female standard length 1,34 0 4.9 .033 
Days in treatment 1,34 0 0 .978 
Treatment 1,12 0 5.5 .038 
Tank(Treatment) 7,34 0 .7 .686 
Error 34 0   
Table 1: ANOVA table of between-subject effects on clutch mass  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 37
 df MS F P 
Female standard length 1,34 0.4 1.5 .231 
Days in treatment 1,34 .1 .4 .526 
Treatment 1,11 2.7 12.6 .005 
Tank(Treatment) 7,34 .2 .8 .595 
Error 34 .3   
Table 2: ANOVA table of between-subject effects on egg size 
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 df MS F P 
Female standard length 1,34 7118.4 6.8 .013 
Days in treatment 1,34 29.4 0 .868 
Treatment 1,15 1.6 0 .958 
Tank(Treatment) 7,34 447.6 .4 .877 
Error 34 1043.5   
Table 3: ANOVA table of between-subject effects on number of eggs  
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 df MS F P 
Time since fertilization 1,241 1108.1 9.7 0.002 
Treatment 1,186 2439.6 18.1 0.000 
Clutch(Treatment) 10,241 4345.2 38.1 0.000 
Treatment*Time since fertilization 1,241 1191.7 10.4 0.001 
Error 241 114.1   
Table 4: ANOVA table of the between-subject effects on oxygen consumption per egg 
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 df MS F P 
Density 1,69 2.7 3.3 0.072 
Age 1,69 494.2 618.4 0.000 
Treatment 1,69 0.9 0.8 0.373 
Tank(Treatment) 13,69 30.0 37.5 0.000 
Treatment*Age 1,69 1.5 1.9 0.172 
Error 69 0.8   
Table 5: Anova table of the between-subject effects on length of fry 
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 df MS F P 
Density 1,40 31.2 2.0 0.163 
Age 1,40 9.1 0.6 0.448 
Standard length 1,40 .9 0.1 0.815 
Treatment 1,51 68.7 4.5 0.038 
Tank(Treatment) 13,40 13.8 0.9 0.565 
Error 40 15.4   
Table 6: Anova table of the between-subject effects on nearest neighbor distance 
 
 
 
 
 
 
 
